The current view of structural relaxation in metallic glasses assumes the presence of primary and secondary processes with different activation energies. While the faster, secondary process can be well characterized in the out-of-equilibrium state below the glass transition temperature T g , the experimental direct determination of the primary process in this temperature region is more difficult due to the long relaxation times. In this work, we 
Introduction
A detailed knowledge of the relaxation behavior of metallic glasses is crucial for gaining understanding of some key properties of these materials, such as glass-formingability, shape formability, mechanical response and thermal stability. The current understanding of relaxation dynamics of metallic glasses is based on the presence of a secondary or  relaxation, also termed Johari-Goldstein (JG) or 'slow'  relaxation in order to avoid confusion with the fast  processes also found in liquid dynamics [1] . This JG or  relaxation is thought to be the precursor of the primary or  relaxation [2, 3] . From a macroscopic point of view, the  process is associated with the transition from an elastic (solid) to a viscous (liquid) response under the application of an external force. When the force is applied during an extended period of time shorter than the  relaxation time,   , the system behaves as an elastic medium, for longer times it relaxes as a viscous fluid. The  relaxation is currently viewed as a reversible or anelastic-like process, preceding irreversible or liquid-like local movements, whose volume fraction increases with increasing temperature, finally leading to a global viscous response near the glass transition temperature T g [4] .
Above T g , glass-forming systems are in internal equilibrium. In this regime, the relaxation dynamics, along with all other intrinsic properties, is not dependent on the previous temperature and pressure conditions and is usually probed by mechanical spectroscopy or viscosity measurements [5] [6] [7] . The fragility parameter m [8] is used to characterize the temperature dependence of the  relaxation time   (T) in this region. The apparent local activation energy of the liquid near T g is related to fragility via 10 ln Below T g , glasses are arrested in out-of-equilibrium configurations. In this regime, physical aging and rejuvenation may be induced by the ambient conditions or by thermal and mechanical treatments [9] [10] [11] [12] . Through physical aging and rejuvenation, the glass changes from one so-called isoconfigurational state to another; in a first order approach, the particular glass configuration can be described by a fictive temperature T f [13] . We will define here the range of temperatures below, but not far from, T g as the sub-T g region. In this temperature range the  process shows short relaxation times, of the order of seconds or less and can be probed experimentally by conventional mechanical spectroscopy or calorimetric techniques [14, 15] . In metallic glasses, the activation energy of the secondary process generally follows an overall g RT E 26   empirical correlation [3] . The activation of shear transformation zones (STZs) also shows similar energy barriers as reviewed in ref. [16] . On the other hand, the  process involves long times and the presence of in situ physical aging complicates the determination of   (T) of an isoconfigurational glass. The order of magnitude of the aging time  aging is similar to   and it is therefore difficult to avoid a simultaneous change of the glassy configuration during the required long experimental probes [17] .
In this work, we compile and analyze some previous results of measurements of   both above T g in the equilibrated liquid and in the sub-T g region. Together with some new stress relaxation results, they give us a panorama picture of the primary relaxation of isoconfigurational metallic glasses in the sub-T g region. Finally, we discuss the implications of the presented results on the current microscopic and Potential Energy Landscape (PEL) views of  and  processes [4, 18] . [19, 20] .
Experimental
Although following different thermal protocols, all the results presented here correspond to ribbons that were previously annealed above the glass transition temperature, thereby dramatically reducing the effect of in situ physical aging during the probes.
Therefore, we will consider that the effect of aging is small and that the results give us insight into the temperature dependence of the -relaxation times of isoconfigurational glassy states. All the experimental results, except the stress relaxation tests of Pd 42.5 Ni 7.5 Cu 30 P 20 , were already reported in previous works [19] [20] [21] [22] [23] [24] [25] . These works were devoted to the study of physical aging, and the results of the aged samples were presented together with those corresponding to as-quenched states and partially aged samples. The discussion of the change of relaxation dynamics during the aging process can be found there. Here we will compare the different systems and focus on the isoconfigurational relaxation dynamics which is not discussed in the previous works.
Results
The range of frequencies in conventional DMA experiments permits the full characterization of the -peak above T g , but it only determines the high-frequency side of the peak in the out-of-equilibrium region below T g . However, in systems where the -process is not present, or exhibits low intensity, the assumption of a constant peak shape and the application of the time-temperature-superposition (TTS) principle permits the 
in the equilibrium liquid, to Arrhenius behavior,
in the non-equilibrium glass [27, 28] . The parameters used for this calculation are taken from previous analyses [21, 24, 25] and are specified in Table 1 . The corresponding theoretical estimation of the loss modulus was calculated assuming a
Havriliak-Negami (HN) relaxation function [26] ,
where exponents a and b are the parameters that determine the shape of the loss modulus 
Discussion
This work is focused on the behavior of   (T) below T g , compiling new and literature data from metallic glasses having varying fragility parameters (see Table 1 by the random firstorder transition theory [29] .
In the lower temperature region, T g /T>1.1, the relaxation times become longer than 10 4 s. This implies that the   (T) obtained from DMA correspond to the fitting of just the very high-frequency tail of the loss modulus [24] and that the static measurements only cover the initial steps of the stress relaxation. In the case of the DMA measurements this implies that the shape of the relaxation function cannot be well assessed from the experimental data. Therefore, the relaxation times are obtained assuming the same functional shape observed in the sub-T g and supercooled liquid regions. In the case of the static stress relaxation experiments, the quality of the fitting with a single stretched exponential decay is also poor, because the relaxation starts to decouple in two relaxation time scales as will be discussed below. Hence, the overall relaxation times obtained in this [30, 31] . Whether this almost constant behavior of   vs temperature of the Pd-based glass is related to its fragility, the presence of a significant  process or the de-coupling of different relaxation mechanisms cannot be assessed without further evidence.
While the overall relaxation time in both the liquid and glassy states is well described by VFT and Arrhenius laws in the T g /T=0.9-1.1 region, showing agreement between the different materials and experimental techniques, the inspection of other features characterizing the relaxation process shows significant differences. Particularly, it is interesting to discuss here the behavior of the broadening parameter,  KWW , available from DMA, static stress relaxation and XPCS experiments. In DMA,  KWW is obtained indirectly as the slope of the high frequency wing of the loss peak in a log-log plot [32] . Figure 4 shows the values of  KWW obtained by the different techniques. From DMA and stress relaxation tests,  KWW is always lower than one with an approximate constant value at low temperatures and an increase at temperatures near or above the glass transition [33] . This is in agreement with other mechanical investigations [4] and with works considering other macroscopic quantities (e.g. volume, enthalpy) [34] . More recent results [35] show that the increase of  KWW near T g of Cu 46 Zr 46 Al 8 is less evident if the analysis is performed over a DMA response extended in a wider frequency and temperature ranges, but the overall values in the sub-T g region are similar to the ones presented here. Furthermore, while near the glass transition a single stretched exponential is able to characterize the stress decay of the static relaxation probes, at temperatures T g /T>1.1 the temporal response cannot be well described by a single stretched exponential (see Figure 2 bottom ). In refs. [36] and [37] the stress relaxation curves of several metallic glasses were shown to be composed of two regimes, an initial stress decay assigned to a stress-driven process [36] and a slower stress decay with a thermally activated relaxation time. The two relaxation time scales decouple as temperature decreases [37] .
In XPCS experiments, the results show an evolution of  KWW from stretched ( KWW <1)
to compressed ( KWW >1) on lowering the temperature below T g . This behavior was found to be an indicator of a change from diffusional-like atomic-scale dynamics in the liquid to stress-driven ballistic motion in the glass [19, 20] . The crossover between the two different motions occurs at the same temperature where the structural relaxation time deviates from the liquid behavior. In agreement with Figure 3 , this crossover occurs sooner in the Pdbased MG. The underlying difference between macroscopic stress relaxation ( KWW =0.3-0.7) and microscopic glassy dynamics ( KWW >1) could be related to different aspects as the anelastic contribution existing in the macroscopic response; this anelastic contribution is not present in the XPCS studies as they are carried out without the application of an external force. In spite of the fast anelastic contribution, which clearly influences the shape of the macroscopic stress decay, the overall coincidence of all   (T) measurementsirrespective of experimental probe -indicates that the remaining macroscopic stress decay involves the same microscopic movements responsible for the atomic-level dynamics unveiled by XPCS. It should be noted here that  KWW >1, as determined in XPCS studies, represents a unique form of the relaxation function, which is not currently accounted for in any current theories of aging and the glass transition. In addition, in all cases  KWW is basically temperature independent in the glassy state, in contrast to theoretical studies that predict a systemic decrease of  KWW as the temperature is lowered [29] . These two points above should be taken into account when critically evaluating any contemporary theory of the glass transition as it relates to metallic glasses.
The last point of this discussion is the implications of this study for the current models and descriptions of  and  processes in metallic glasses. The activation energy of the  relaxation has been evaluated in the equilibrium super-cooled liquid in many works, giving values of 160
as discussed above.
However, from the results compiled here, in an isoconfigurational glassy state the ratio between the activation energies of both processes appears to be
. If the apparent activation energies are proportional to the number of correlated atoms involved in the relaxation processes, as suggested in some works [38] , the results presented here should be taken into account when debating the microscopic descriptions of  and  processes in metallic glasses. We note here that each particular isoconfigurational state may have a different activation energy. However, while a relatively small change of fictive temperature produces an important change of magnitude of   , the dependence of E  (T f ) is not expected to be strong [24] [27] .
Another important aspect in this point concerns the modeling of the loss modulus shown in Figure 1 relaxation, are comprised within the broad high-frequency wing of the -peak. We observe no direct evidence of a separate, fast relaxation process in these systems. On the contrary, in the Pd-based material these fastest processes are well differentiated from the main relaxation peak [25] , similar to other metallic glass systems such the La-based family [39] .
The presence or absence of secondary relaxation processes well differentiated from the main structural relaxation in the frequency-temperature window explored by mechanical spectroscopy is also an important point to consider when constructing an overall PEL picture of metallic glasses [4] . It is worth to stress here that   (T) is the average relaxation time of a broad relaxation spectrum, which comprises different microscopic processes and activation energies more or less coupled depending on the temperature. Detailed studies of the relaxation spectrum, such as the direct spectrum analysis [40, 41] , will help to unveil the detailed temperature behavior and the contribution of the different microscopic processes and time scales involved in metallic glass relaxation dynamics.
Conclusions
Experimental data of  relaxation times of Zr 46 Table 1 . Experimental fragility parameter of the glassy alloys studied in this work, taken from the specified references. Glass transition temperature T g , VFT parameters  0 , B and T 0 and Arrhenius activation energy E  , used for depicting the   (T) behavior (dashed lines in Figure 1 ). VFT+Arrhenius behavior given by the parameters in Table 1 [20] (green diamonds). 
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